Recently, intensive studies of the combined effects of spin-orbit coupling (SOC) and electronic correlations in transition metal compounds have been undertaken. In particular, j eff = 1/2 bands on a honeycomb lattice provides a pathway to realize Kitaev's exactly solvable spin model. Honeycomb RuCl3 (4d 5 ) was proposed as a candidate material, but it is not clear if j eff = 1/2 band description is justified in 4d-orbital materials with intermediate SOC. We study electronic band structures of RuCl3 and how Kitaev physics arises from the combination of SOC and interactions. As expected, SOC by itself is not strong enough to generate a j eff = 1/2 band, unlike in the iridates. However, when electronic interactions are introduced, bands near the Fermi level are characterized by j eff = 1/2, separated from j eff = 3/2 bands, which validates the j eff = 1/2 picture. In a strong coupling spin model, the large Kitaev term emerges, but a symmetric off-diagonal term called Γ and small Heisenberg terms induce a magnetically ordered ground state with a zigzag pattern. Experimental implications in light of angle resolved photoemission spectroscopy, neutron scattering, and optical conductivities are discussed.
Introduction -It is now widely accepted that the interplay between spin-orbit coupling (SOC) and electronic correlations leads to novel phases in transition metal compounds. Among a variety of interesting materials, iridates have been a prime focus because they exhibit a variety of exotic phases ranging from spin liquids to topological Mott insulators. [1] [2] [3] [4] [5] [6] [7] [8] In particular, it was proposed that the Kitaev spin model [9] might be realized in honeycomb iridate Na 2 IrO 3 . [10] However, when direct overlaps between d-orbitals are considered, the generic spin model at the nearest-neighbor (n.n.) level consists of three exchange terms: a Γ-term in addition to Heisenberg (J) and Kitaev (K) interactions. This model, dubbed J-K-Γ model, possesses six different magnetic ordered phases in an ideal honeycomb lattice -antiferromagnetic (AF), ferromagnetic (FM), zigzag (ZZ), stripy (ST), spiral (SP), and the so-called 120 order -in addition to the Kitaev spin liquid phase leading to a rich phase diagram. [11] Recently, it was suggested that α-RuCl 3 (RuCl 3 ) is another candidate where SOC helps stabilize a Mott insulating phase. [12] RuCl 3 has a layered honeycomb structure, and Ru 3+ has d 5 valence electron configuration similar to Na 2 IrO 3 . While Na 2 IrO 3 suffers from considerable lattice distortions, RuCl 3 has nearly perfect local cubic symmetry. However, it is not clear if SOC is strong enough to justify the single j eff = 1/2 description, since its strength is only intermediate in 4d-orbital materials. Furthermore, earlier transport and optical studies on RuCl 3 [13] [14] [15] suggested that it is a semiconductor with activation gap of 0.1 -0.5 eV estimated from high temperatures. Later it was proposed that RuCl 3 is a Mott insulator based on a photoemission study displaying a gap of 1eV [16] . However, the energy resolution was insufficient to distinguish several d-orbital bands within this 1eV window, which makes the supporting data less appealing. Here, we study electronic band structures and effect of electronic interactions in RuCl 3 using three different methods: ab-initio electronic structure calculations, mean-field theory of a t 2g -orbital Hubbard model, and a strong coupling spin model. The evolution of density of states (DOS) is summarized in Fig. 1 . The t 2g bands without SOC, are shown in Fig. 1(a) . In the presence of SOC, the bands near the Fermi level are mixtures of j eff = 1/2 and 3/2 shown in Fig. 1(b) . This is quite a contrast to the band structure of iridates, where the j eff = 1/2 and 3/2 bands are well separated. However, when the on-site Coulomb interaction U is introduced while fixing a paramagnetic state, these bands near the Fermi level take on predominantly j eff = 1/2 character and develop a band gap as shown in Fig. 1 (c) , suggesting a correlation induced insulator. Among the six magnetic orders listed above for the minimal n.n spin model, we find that the ZZ magnetic order has the lowest energy, and its corresponding band structure is shown in Fig. 1 (d). Experimental tools to test our theory are ajso discussed.
Ab-initio calculations -We consider a single honeycomb layer of RuCl 3 , since the coupling between the neighboring RuCl 3 layers is extremely weak as shown in [12] . For the electronic structure calculations with SOC and on-site Coulomb interactions, OPENMX code [17] , which is based on the linear-combinationof-pseudo-atomic-orbital basis formalism, is used. A non-collinear DFT scheme and a fully relativistic jdependent pseudopotential are used to treat SOC, with the Perdew-Zunger parametrization of the local density approximation (LDA) chosen for the exchangecorrelation functional [18] . 500 Ry of energy cutoff was used for the real-space sampling, and 8 × 8 × 1 k-grid was adopted for the primitive cell. On-site Coulomb interactions are treated via a simplified LDA+U formalism implemented in OPENMX code [19] , with up to 3.5 eV of U eff ≡ U − J H parameter (J H is Hund's coupling) used for Ru d-orbitals in our LDA+SOC+U calculations. Maximally-localized Wannier orbitals method [20] , which is implemented in OPENMX code [21] , is used to obtain the tight-binding Hamiltonian for Ru t 2g orbitals. The electronic structure was doubled-checked by using Vienna ab-initio Simulation Package [22, 23] .
The results for the electronic structure calculations are displayed in Fig. 2 . Fig. 2(a) shows the bands and projected density of states (PDOS) of RuCl 3 without SOC and electronic interactions. The nearly ideal cubic symmetry of the local Cl 6 octahedra makes Ru e g components invisible in the t 2g bands. The large Ru-Cl bond length, reflected in the small Cl p components in the PDOS, and the large Ru-Ru bonds result in a Ru t 2g bandwidth of only 1 eV. This is significantly smaller than the bandwidth of honeycomb iridates [24] [25] [26] [27] . Due to this smaller bandwidth, RuCl 3 can be more susceptible to SOC or the Coulomb interaction compared to its 5d oxide counterparts. On the other hand, since the t 2g bands are quite dispersive, the quasi-molecular orbital picture suggested for Na 2 IrO 3 does not suit this system [24] . The estimated hopping terms between the t 2g orbitals discussed below, clarifies this further.
In the presence of SOC, the band structure and PDOS projected onto the j eff states are shown in Fig. 2(b) . The magnitude of Ru SOC is found to be 0.14 eV, which is small compared to the bandwidth. One can distinguish the j eff = 1/2 and 3/2 bands near the Γ-point, but they are mixed with each other near the Brillouin zone boundaries, especially near the K-point. PDOS shows that the j eff -projected weights of the 1/2 and 3/2 states near the Fermi level are almost equal, showing that unlike its 5d counterpart Na 2 IrO 3 , the magnitude of SOC is insufficient to support the j eff = 1/2 picture in RuCl 3 . The on-site Coulomb interactions in Ru d-orbitals, however, can promote the j eff = 1/2 picture. Such an enhancement of SOC by the Coulomb interactions has previously been studied. [28, 29] To understand the combined effects of interactions and SOC without a magnetic order, LDA+SOC+U calculations for the paramagnetic (PM) phase is performed. Fig. 2(c) shows the PM results with U eff = 1.5 eV, which is a metastable solution and can be obtained by slowly increasing U eff from the noninteracting starting point. Compared to Fig. 2(b) , one can see that the j eff = 3/2 states are pushed down significantly, so that the low-energy states near the Fermi level can be described purely in terms of the j eff = 1/2 states. The effective SOC at U eff = 1.5 eV is about twice the atomic value, a drastic enhancement compared to the results reported for the iridate systems recently [29] .
However, this PM phase is metastable and a state with ZZ magnetic order is the ground state at U eff = 1.5 eV. Relative energy difference per Ru atom for each configuration plotted with respect to U eff . ZZ ordered state has the lowest energy except for U eff =1.0eV, but FM is competitive and at large U eff , 120 ordered state approaches these two states in energy.
The electronic structure for this ZZ state is shown in Fig. 2(d) . As the magnetic order sets in, the j eff = 1/2 bands are further pushed away (and gap increases), and the occupied j eff =1/2 band is now mixed with the j eff = 3/2 bands.
To make sure that ZZ order is the lowest energy state as U eff changes, we considered five different magnetic ordering states: FM, AF, ST, ZZ, and 120 order shown in Fig. 3 (a) . The relative energy differences between these orders as a function of U eff is shown in Fig. 3 (b) . The ZZ phase is the ground state over the entire range of U eff up to 3.5 eV, except at U eff = 1.0 eV where the FM phase has lower energy. ZZ is nearly degenerate with FM and in the higher U eff regime, the 120 order approaches the ZZ and the FM phases in energy.
Mean-field study of t 2g -orbital Hubbard model -We also studied a t 2g -orbital Hubbard model using meanfield (MF) theory, to check our ab-initio results. Since SOC is not large enough to separate the j eff = 1/2 and 3/2 states in the absence of electronic interactions from ab-initio results, we consider all three t 2g -orbitals and study a multi-orbital Hubbard model with the form [30] 
Here, U and J H are the Hubbard and Hund's coupling strengths and U = U −2J H is the inter-orbital repulsion. For the tight binding Hamiltonian, we adopt the notations used in Ref. 11 . From the overlaps of the Wannier orbitals, we find t 3 = −220meV, t 2 = 113meV, and t 1 = 65meV for the n.n. hopping parameters, and t n1 = −66meV and t n2 = −50meV for the next-nearest neighbor (n.n.n.) inter-orbital and third-nearest neighbor (3rd n.n.) intra-orbital hopping terms, respectively.
The interaction Hamiltonian is treated within a MF approximation by considering vector order parameters of the form Ŝ α i = m α i with α = {xz, yz, xy} denoting the three t 2g orbitals. Then the full Hamiltonian includes this MF interaction Hamiltonian, the tight-binding kinetic term, and SOC in t 2g -orbitals. An enlarged unit cell consisting of four sites and thirty-six order parameters determined by self-consistent iteration, is used to encompass the ZZ and ST phases.
Fixing J H = 0.1U and λ = 0.6|t 3 |, a phase transition from a paramagnetic state to a ZZ ordered state occurs at U c = 3.1|t 3 |. Although the FM state is competitive, the energy of ZZ is slightly lower than FM. In the ZZ ordered state, the moment in each orbital is aligned (↑, ↑, ↓) in order of α = {xz, yz, xy}, indicating j eff = 1/2 moment character even in intermediate SOC, consistent with the ab-initio results. We also compared the energy of the 120 order with that of the ZZ within mean-field using a sixsite unit cell, and ZZ is favored energetically. This MF result is consistent with the results obtained by the abinitio study and now we proceed to discuss the minimal spin model in the j eff = 1/2 single band picture, and its dominant spin exchange term. j eff =1/2 spin model in strong coupling limit -The above ab-initio and mean-field studies confirm that the low energy spin model can be derived from the single j eff = 1/2 band. Using the tight-binding parameters and following the microscopic derivations of the generic spin model in Ref. 11to obtain a rough estimate of the spin interaction terms, we find that the minimal spin model is n.n. J-K-Γ model with large positive K and Γ, and small negative J. Within the range of the interaction parameters, it is found that RuCl 3 is located in the upper left quadrant of the phase diagram of the J-K-Γ model (Γ > 0), which is shown in Fig. 3(a) of Ref. 11. The relevant exchange parameters for RuCl 3 are inside the yellow region with ZZ order that is adjacent to the FM and 120 ordered states, even though we cannot pin down the exact numbers within this region due to an unknown ratio of J H /U . Additional further neighbor terms such as positive 3rd n.n. Heisenberg interactions could enhance the region of ZZ phase, but their effects are left for future study. It is remarkable that the ZZ phase is surrounded by FM and 120 ordered phases, which are also found to be very close in energy in the above LDA+SOC+U calculations.
Discussion and Conclusion -There are various experimental ways to test our proposal. One experimental technique is angle resolved photoemission spectroscopy (ARPES). Since RuCl 3 has a layered structure, it is an ideal material for ARPES. Occupied states below Fermi level should reflect a large gap as well as flat dispersion across the Brillouin zone.
In iridates, the first measurement that stimulated the idea of spin-orbit Mott insulator in Sr 2 IrO 4 was the optical conductivity, where an optical gap around 0.5eV was seen [31] . In RuCl 3 however, previous optical data was interpreted in terms of a small optical gap of 0.2 -0.3eV, but the extremely small intensity in this region suggests that this feature may not be associated with charge excitations. [32] Indeed our results are in good agreement with the optical data, provided the optical gap is identified with the onset of the peak around 1eV in existing studies [12] [13] [14] , which is bigger than the observed values of 0.5eV in Sr 2 IrO 4 and 0.34eV in Na 2 IrO 3 [33] .
Since there is a ZZ magnetic order in the ground state, neutron scattering should detect this ordering pattern. An elastic neutron scattering result has been just reported and found a magnetic peak at the wave-vector M below 8K [34] . This ordering wave-vector suggests that the magnetic order can be either ZZ or ST. Based on the analysis of anisotropy in susceptibility provided in Ref.
11 and 34, we find an antiferromagnetic K, a positive Γ, and ferromagnetic J which is a fraction of K. Thus, ZZ magnetic order should be consistent with both neutron and susceptibility data. Inelastic neutron scattering analysis, similar to the one reported for Na 2 IrO 3 [35] , can provide further confirmation, since the spin-wave spectra including spin gaps are different in the ZZ and ST phases .
It is also important to note that although RuCl 3 shows the ZZ ordered phase similar to Na 2 IrO 3 , the microscopic routes to ZZ ordered phase are quite different. RuCl 3 has a positive Kitaev term, while it is negative in Na 2 IrO 3 . This is because the Kitaev term originates from oxygen mediated hopping in Na 2 IrO 3 , while in RuCl 3 , it is mostly from direct overlap of d orbitals. Thus computing spin wave excitations in various regimes of the strong-coupling model would be a natural step for a future study, as both systems are close to Kitaev spin liquids.
In summary, combining ab-initio, mean-field theory on t 2g -orbital Hubbard model, and strong coupling approaches, we have investigated the electronic and magnetic properties of RuCl 3 . Our results strongly suggest that this compound can be understood as an interactiondriven j eff = 1/2 system, which hosts magnetism dominated by the Kitaev and the anisotropic Γ terms. Owing to the ideal and simple crystal structure, RuCl 3 provides a superior platform to explore the physics of SOC and electronic correlations and related unconventional magnetism. Our study also opens up the possibility of a whole new class of materials in which to explore physics driven by spin-orbit coupling and electronic correlations, in addition to the 5d transition metal oxides.
